Introduction
Every solid surface submerged in water and exposed to daylight in the natural aquatic environments is prone to colonization by phototrophic biofilms, complex communities of photoautotrophic and heterotrophic microorganisms conjointly embedded in a matrix of extracellular polymeric substances (e.g. Molino and Wetherbee, 2008; Roeselers et al., 2008) . The extracellular polymeric substances mediate a firm attachment of the organisms onto the solid surface, and have many additional functions, such as protection from grazing, formation of a diffusion barrier and reservoir for recycling of nutrients (e.g . Wimpenny et al., 2000; Flemming et al., 2007) . The photoautotrophic contingent of biofilm organisms fuels the whole biofilm community, while regeneration of nutrients is accomplished by a heterotrophic contingent of organisms (Cole, 1982; Canfield and Des Marais, 1993) , e.g. in marine environments represented mainly by diatoms accompanied by heterotrophic bacteria (Marshall et al., 1971) . Within such biofilms, the different organisms settle and live in distinct ecological niches, confined to their trophic level, gradients of light, nutrients and other growth factors present in the biofilm, and to their genetic repertoire for adaptation. This in combination with community interactions, cell death, dispersal or grazing, defines a biofilm-developmental process that finally shapes a matured, highly structured, extremely well-adapted 'microbial landscape' in each particular environmental setting (Battin et al., 2007) .
Such phototrophic biofilms in shallow water habitats of all climate zones contribute significantly to ecosystem primary production and represent the basis of benthic food webs (e.g . Cahoon , 1999; Glud et al., 2002) . Further, such biofilms can stabilize sediment surfaces and prevent their erosion (e.g . Lubarsky et al., 2010) , and can determine the settlement of higher organisms such as macroalgal spores and invertebrate larvae (e.g. Qian et al., 2007) . While being of great importance for aquatic ecosystems, phototrophic biofilms on man-made surfaces (biofouling) can cause severe economical damage, e.g. by increasing hydrodynamic drag on ship hulls or by covering equipment in aquaculture (e.g. Braithwaite and McEvoy, 2005; Schultz, 2007) . To avoid biofouling, the submerged surfaces are often coated with paints that leach biocides onto the surface and into the open water, which can cause detrimental effects to the environment. Therefore, alternative strategies are needed (e.g. Brady, 2000; Chambers et al., 2006) . The positive control of phototrophic biofilms can also be important for a range of biotechnological applications, e.g. for biofuel production (Roeselers et al., 2008; Tamburica et al., 2011) .
The photoautotrophic organisms such as diatoms and the heterotrophic bacteria in their close association may influence each other (Cole, 1982; Murray et al., 1986; Fukami et al., 1997; Bruckner et al., 2008; Desbois et al., 2009) , and these interactions can be exploited for both, inhibition of biofilm formation as well as establishment of stable biofilm communities. Therefore, more detailed studies of intraspecies and . interspecies interactions during settlement and growth of phototrophic biofilms, and during their differentiation into matured biofilm communities, have a high potential to reveal novel targets for environmentally friendly antifouling strategies, and will hold important implications for the control of biofilms in biotechnological applications.
Methods to cultivate and study benthic phototrophic biofilms under controlled conditions are limited. To establish the biofilm-mode of growth in a laboratory, the biofilms are usually incubated under a continuous flow of culture medium (chemostatic culture) rather than in stationary culture (batch culture). The first condition represents the more common situation found in the aquatic environments, that is, convection of the open water that replenishes nutrients and removes metabolic products and dispersed cells. The established continuous-flow systems to study biofilms of heterotrophic bacteria, such as microscope-flow cells (e .g. Sternberg and Tolker-Nielsen, 2006) or more complex systems, such as the drip-flow biofilm reactor (Goeres et al., 2009) , cannot be applied to phototrophic biofilms directly because of their limitations in light and/or gas exchange for photoautotrophic growth. A continuous-flow system that allows for the study of environmental phototrophic biofilms, but not of axenic phototrophic biofilms, has been developed by Zippel and colleagues (Zippel et al., 2007) , in form of submerged glass slides fitted into horizontal flow lanes that are open to the top for aeration and illumination. This set-up can be used for microscopical analysis of undisturbed biofilms and ineluded a device for monitoring the overall biofilm density, when measured photometrically as average light attenuation through the biofilm (biofilm turbidity).
In this work, we aimed to establish a continuous-flow system for phototrophic biofilms that simulates the growth conditions in the shallow, littoral zone of aquatic habitats and allows for the incubation of single-species and defined mixed-species biofilms, hence, a system that runs also under sterile conditions for a routine work with pure cultures. Therefore, we tried to meet the following criteria: (i) sterile incubation, (ii) horizontal surface substratum for biofilm formation, (iii) incubation under a continuous flow of a culture medium and air, (iv) defined illumination from the top for photosynthesis, and (v) possibilities for microscopical analysis of undisturbed biofilm and for sampling of biofilm biomass. Furthermore, a photometrical measurement of biofilm turbidity (Zippel et al., 2007) has also been included in our concept. The application of our novel incubation system was demonstrated in growth experiments using either the axenic freshwater diatom Planothidium sp., or Planothidium sp. co-inoculated with heterotrophic bacteria, all isolated from a freshwater epilithic biofilm of the littoral zone of Lake Constance. More detailed information on the Experimental procedures used with this incubation system may be found in Supporting information of the online version of this article.
Results and discussion

Design of the incubation system and its mode of operation
Key part of the novel incubation system was a horizontal flow lane (Fig. 1 A) as the primary containment for biofilm incubation. Each flow lane was made of polycarbonate (76 x 32 mm as base, 20 mm in height) into which a canal was shaped (40 mm in length, 16 mm in width). The canal was sealed at the base with a microscope-cover slide as the surface substratum for biofilm formation (total area, 580 mm2) and left open at the top ( Fig. 1 A) . Hence, the flow lanes can be sterilized by autoelaving and fit well under microscopes.
For incubation, each flow lane was inserted into a secondary containment to provide the biofilms with illumination from the top, horizontal continuous flow of culture fluid , and sterile aeration ( Fig . 1 B) . For illumination, three 'warm-white' diodes (LEDs) (colour temperature , 2900 K; see also Supporting information) were fitted into the lid of each secondary containment (see Fig. 1 B) . We adjusted the light intensity to 55 ~mol photons m-2 S-l at the surface for biofilm formation, as determined with a radiometer (see Experimental procedures). Furthermore, three visible-light sensors (peak sensitivity at 600 nm; see Supporting information) were fitted into the base of each secondary containment for a photometrical monitoring of the overall biofilm turbidity (Zippel et al., 2007) in the particular sections of the flow lane (see Fig. 1 B) ; the light sensors were connected to a datalogger (see Experimental procedures in Supporting information).
A continuous flow of sterile culture medium through each flow lane was achieved using multi-channel peristaltic pumps . With one channel, the feed medium was dripped into each flow lane at one end, through a syringe needle that was positioned well above the biofilm/glass surface ( Fig. 1, inflow) ; this way entrance of microorganisms into the medium-feed line was prevented . With a second channel, the waste medium was continuously removed at the other end, through a siphon represented by a second syringe needle that was positioned right above the biofilm/glass-surface ( Fig. 1 S, outflow) . With the flow rates adjusted in a way that the waste medium was removed much faster than the feed medium was provided, the set-up affected, firstly, that the culture fluid was kept at around the same level in the flow lanes (here, fluctuating at 3-4 mm in height) as excess fluid was removed via the siphon at intervals (overflow) . Secondly, between these overflow intervals (i.e. during filling intervals), air was removed by the waste pump from the sealed, gas-tight secondary containment, leading to an inflow of fresh air through the sterile filter attached to the side of each secondary containment (Fig. 1 S) . Hence, the incubation concept provided a continuous exchange of both, liquid and gas phase, under sterile conditions.
Validation of the incubation system
Our initial tests of the incubation. system (data not shown) revealed that axenically grown diatom biofilms were highly susceptible to the shear stress conditioned by the inflow (dripping) of culture fluid into the flow lanes: the drops detached diatoms and thereby carved grooves into the biofilms (e.g. see axenic biofilm in Fig.4A, inset) . Therefore, we modified the flow lanes. To absorb the liquid-shear at the inflow, the medium-inlet needle was pointed onto a 'drop break' that was added to each flow lane (see Fig. 1 C, inlet) . Furthermore, a 'spill-over' at the other end of the flow lane, into which the medium-outlet needle was positioned, was added (see Fig. 1 C, outlet) , in order to diminish the fluctuation of the water level during filling/overflow cycles (see above). The modifications ensured a uniform transfer of culture fluid through the flow lane, as was demonstrated when a pulse of crystal-violet staining solution was pumped through the flow lanes ( Fig . 2A) . In respect to liquid-shear force, this flow condition (1 .5 ml h-') and the improved design (Fig . 1 C) allowed for a uniform formation of also axenically growing diatom biofilms (see below). The stability of the sterilized set-up against microbial contamination was demonstrated in incubations with sterile nutrient broth [Luria-Bertani (LB) medium] (Fig . 2B) . Sterilization of the growth systems was achieved as described in the Experimental procedures (see Supporting Information) . No growth of microorganisms in the flow lanes was detected during a 10 day incubation, neither as biofilm turbidity when followed photometrically as shown here (Fig . 2B) , nor by microscopy (not shown); also in the effluent medium, no microbial contamination was detectable, e.g. when testing by fluorescence microscopy (using nucleic-acid stain SYBR Green) and plating on LB medium (not shown). For comparison, if a flow lane was deliberately inoculated with bacteria (at day 6 in Fig. 2B ), rapid formation of biofilm was detectable photometrically (Fig. 2B) as well as microscopically (not shown).
The visible-light sensors used for biofilm-turbidity measurement had their peak response at 600 nm (see Supporting information), thus produced an estimate of OD 600 , which is commonly used as a proxy for the growth of heterotrophic bacteria (e.g. Fig. 2B and ref. 8chleheck et al., 2009) . Photosynthetic microorganisms are commonly quantified by their chlorophyll a (chi-a) content. For the growth of the axenic diatoms used in this study, a linear correlation of biofilm turbidity (expressed in arbitrary units) and chlorophyll a content of the biofilm (expressed in I1g chl-a cm-2 ) was confirmed (see Fig. 81 in Supporting information). Hence, the turbidity measurement generated a valid proxy for the formation of both, heterotrophic and phototrophic biomass in the incubation systems. Notably, the used visible-light sensors allowed for no distinction to be made between the growth of heterotrophs and phototrophs in mixed-species biofilms (see confocal microscopy, below).
Experiments to demonstrate applications of the incubation system
Growth dynamics of phototrophic biofilms in dependence on growth conditions were compared. In the example shown (Fig . 3) , axenic Planothidium sp. biofilm was a) 6. Sterilized growth systems (n = 4) were run with sterile nutrient broth (L6 medium; 1.5 ml h-') and could be incubated for weeks (here, 10 days) without any sign of microbial contamination , as demonstrated here (6) by photometrically monitoring the absence of biofilm turbidity ('baseline') . For comparison, a deliberately contaminated growth chamber (here , bacteria were injected into the feed line at day 6; arrow) exhibited a steep increase of biofilm turbidity, indicative of biofilm growth.
grown either under continuous flow, or without any flow of culture fluid (see Experimental procedures in Supporting information) . As expected, the continuous medium supply produced a higher growth yield when observed by biofilm-turbidity measurement (Fig. 3) , as well as a thicker biofilm when observed by microscopy (not shown). Without liquid flow, the biofilm growth curve (Fig. 3) reached a plateau after 5 days, i.e. the stationary phase, whereas growth under continuous flow proceeded until to the end of the experiment (15 days). However, the biofilm growth curves taken at the three different sections along the liquid flow (Fig. 3, inset) indicated that biofilm growth was also limited under continuous flow, progressively depending on the distance of the biofilm to the medium inlet (Fig. 3) . This was attributed to a gradual depletion of nutrient(s) in the liquid stream along the flow lane. As calculated from the growth curve recorded at the inflow (light sensor No.1, see Fig. 3 ), the maximum growth rate (11) for the initial, exponential growth phase until day 5 was 0.014 h-' (to = 2.1 days). For the following, linear growth phase, the linear growth rate (m) was 0.7 turbidity-units per day. A linear growth of the biomass in phototrophic biofilms is a common observation (e.g. Kim et al., 2002) , resulting from shading effects and light I. imitation of cells buried deeply within the biofilm in the later growth phase. The linear growth rate determined (0.7 turbidity-units day-') could be translated into a rate of chlorophyll a increase of approximately 1.0 Ilg chl-a cm-2 day-' when using the correlation of biofilm turbidity and chl-a content of axenic Planothidium sp. biofilm (cf. Fig . S1 ). For comparison, when using published data on the chl-a increase during phototrophic biofilm formation in the natural environment under comparable conditions, e.g. on tiles in river-side flow channels (Battin et al., 2003; Roll et a l. , 2005; Besemer et al. , 2007; Vinten et al., 2011) , rates of chl-a increase in the range 0.03-2.0 Ilg chl-a cm-2 day-' could be calculated, dependent on, e.g. the nutrient supply or flow conditions used. Thus, the growth rate for the axenic phototrophic diatom biofilm in our incubation system was comparatively high, which likely reflected the continuous illumination of our biofilms in contrast to the day/night light regime for environmental biofilms, and the use of a synthetic freshwater-salts medium specifically for the growth of diatoms (OM medium; Beakes et al., 1988) .
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Another application of the incubation system was demonstrated when pre-grown diatom biofilms were treated with antifouling agents. In the example shown in the Supplemental information cif this article (Fig . 82) , a growing biofilm of Planothidium sp. was treated with a commercial preparation of a preservative for laboratory water baths, which stopped the growth and eradicated the biofilm (Fig . S2) .
Finally, the utility of the incubation system for a work with defined mixed-species biofilms and for biofilm microscopy was demonstrated. In earlier work, it had been shown that diatom growth and/or aggregation can be enhanced by the presence of bacteria (e.g. Baker and Herson, 1978; Gawne et al., 1998; Grossart, 1999; Wigglesworth-Cooksey and Cooksey, 2005; Grossart et al., 2006; Grossart and Simon , 2007; Bruckner et al., 2008) . Therefore, the effect of a co-inoculation of individual bacterial strains to axenically pre-grown diatom biofilms was examined . The diatom and bacterial strains tested (Fig. 4) were isolated from biofilms of the littoral zone of Lake Constance (see Experimental procedures in Supporting information) . A general growth-enhancing effect of the presence of bacteria in Planothidium sp. biofilms was not observed; however, one bacterial isolate consistently enhanced Planothidium sp. biofilm formation, as determined by the dynamics of biofilm-turbidity increase after co-inoculation (Fig. 4A) as well as observed macroscopically (Fig . 4A, inset) . In the example shown (Fig . 4A) , the presence of Pseudomonas sp. strain 8c increased the biofilm turbidity formation threefold, i.e. the apparent linear growth rate of biofilm of Planothidium sp. with Pseudomonas sp. strain 8c was 2.3 turbidity-units day-' compared with a growth rate of about 0.7 turbidityunits day-' for axenically-growing Planothidium sp. biofilm (Fig. 4) as observed typically under our cultivation conditions (cf. Figs 3 and S 1) . Microscopy of the biofilm surface (Fig . 4B) indicated that the co-cultivation of Planothidium sp. with Pseudomonas sp. strain 8c generated a more complex biofilm structure, i.e. biofilms in a 'wave-like' pattern in comparison with the unstructured layer of biofilm that was formed by Planothidium sp. alone. Differential microscopy of diatoms (red) and stained bacteria (green) at the base of the biofilm, i.e. near the glasso.f.-.--4l _ _ "'~-. Fig. 4 . Planothidium sp. biofilm formation in dependence on co-cultivation of individual bacterial strains, as followed by turbidity measurement (A) and macroscopical appearance of biofilms (A, inset), and microscopical appearance (B, e) of the diatom biofilm co-cultivated with Pseudomonas sp strain 8c, as observed by brightfield microscopy (B) and confocal laser scanning microscopy (e). A. Axenic Planothidium sp. was inoculated into parallel systems (n = 4) and pre-g rown for 8 days, after which different bacterial strains were co-inoculated (indicated by the arrow; see Experimental procedures); one biofilm was left untreated as axenic control. Indicated by an arrow in the photographic illustration (A, inset) is the area where the axenic diatom biofilm had been stripped off the glass surface when the liquid-shear of inflowing medium was too high (see also text), while biofilms co-cultivated with bacteria remained attached. B. Bright-field microscopical images of axenic Planothidium biofilm (top) in comparison with Planothidium biofilm co-cultivated with Pseudomonas sp strain 8c (bottom); the biofilms were observed at their surface by water-immersion microscopy. e. Representative confocal microscopical image of a mixed-species biofilm of Planothidium sp. co-cultivated with Pseudomonas sp strain 8c at the base of the biofilm (near the glass surface), when diatoms were visualized by their chlorophyll auto-fluorescence (red) and bacteria by fluorescence staining (DiOe6 stain, green); note that the used inverse-confocal microscope was not able to resolve the biofilm composition in the deeper layers of biofilm (> 50 I'm depth), i.e. not at the biofilm surface.
surface using a confocal inverse-microscope, appeared that the bacterial contingent was represented in form of individual, discrete micro-colonies in the diatom biofilm (Fig.4C ) .
Conclusions
The novel incubation concept for a routine work with pureculture phototrophic biofilms, as introduced here (Fig . 1) , has been tested thoroughly (Figs 2-4 and Supporting information), and may playa key role in the future characterization of surface colonization and growth dynamics of diatom biofilms . It will help to evaluate treatments for the control of diatom biofilm, and to identify, characterize and experimentally access interactions in diatom-bacteria mixed-species biofilms. The incubation concept at its present state of development, or with modifications, might also turn out to be useful for a work with other phototrophic biofilms, e.g. formed by green algae or cyanobacteria. Furthermore, the application of the novel incubation concept to reproducibly generate samples of phototrophic biofilms with known composition and highly defined cultivation history, might pave the way for a meaningful application of contemporary 'omics'-technologies, such as differential transcriptomics and proteomics, on phototrophic mixed-species biofilms.
Supporting information
Additional Supporting Information may be found in the online version of this article: Fig. 51 . Reproducibility of diatom-biofilm grow1h as followed by turbidity measurement (A) and linear correlation of turbidity and chlorophyll a (chi-a) content of the biofilms (B). Growth systems were inoculated in parallel and incubated under continuous flow of culture fluid , in this example (A) axenic marine diatom P. tricornutum (n = 3). For the example shown here (A), the turbidity readings were recorded every 10 min, and such 'oversampling' of data appeared an oscillation of the baseline that represented the periodical exchange of culture fluid in the flow lanes (i.e. the filling/overflow intervals, see text); a short period of tenfold-increased medium flow (30 min, 15 ml h-') is indicated by an arrow. (B) A sufficiently linear correlation (R 2 = 0.97) between biofilm turbidity reading and chlorophyll a content throughout growth of the biofilms was confirmed when individual biofilms were sacrificed at intervals for chlorophyll a determination (see Experimental procedures) . In the example shown (B), axenic freshwater diatom Planothidium sp. was used (n = 6). We calculated with a Planothidium-specific conversion factor of 1.5 for changing arbitrary biofilm turbidity-units (B) into chl-a content per surface area (Ilg chl-a cm- 2 ) for the calculation of Planothidium sp. biofilm growth rates in later experiments (see main text). Fig. S2 . Effect of treatment of pre-established Planothidium sp. biofilms with an algicidal agent, as followed by biofilmturbidity measurement (left) and macroscopical appearance of the biofilm (right). The photographic illustrations refer to the time points indicated in the biofilm-turbidity measurement. The treatment (3 days) resulted in bleaching of diatom biofilm from naturally brown to colourless during the following incubation (4 days) with growth medium (Fig. 5) . The eradication of phototrophic biofilm was resembled in the biofilm-turbidity measurement (Fig. 5) as a peak observed directly after the start of the treatment (1 day), followed by stagnation (2 days) and gradual decrease (4 days) of the biofilm turbidity to approximately 75% of the maximal value before treatment. The remainder turbidity observed (~ 00 600 ) was attributed to the opacity of debris of bleached diatom biofilm in the flow lane, as indicated by microscopy (not shown). Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
